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The awareness o f anesth es ia pe rso nn e l in th e
entity of " oxyge n tox ic it y" h as bee n in creased in th e
last ten yea rs by th e grea te r in vo lve me nt in p rolonged resp iratory ca re, a nd conco mit a ntl y in c rease d
complex ity of opera ti ve m a nage ment. Th e rea li za tio n
th at cya notic hea rt di sease a nd prim a ry pulmo nary
insuffi c iency does no t necessa ril y prot ec t th e individual aga inst th e occurrence of the pulm o nary m anife stati ons of the di sease, and th at furth er realistic
delin ea ti on of th e pa ra meters of cont rol is necessa ry,
has fo cused an inte nse bea m o f critica l reevalu ati on
on present methods o f anesth et ic m anage ment and
postoperati ve ca re. It is impo rt a nt to no te th at " oxygen tox icity" as comm o nl y di scussed . th at is. th e
CNS, pulm ona ry, a nd eye ma nifestati o ns, represe nt s
advanced stages of th e body's ad ve rse res po nses.
More frequ ent a nd subtl e ch anges a re prese nt . bu t
often ove rlooked. This is p articul a rl y tru e in th e less
easily discernible effects upon e lect ron tran spo rt systems, and inte rference with basic m embra ne a nd
enzym atic functi on.
As individu als tra in ed in the m anage ment of
cardio-respi ra to ry emergenci es, a nes th es ia personn el
may ex pect to be ca ll ed upo n professio nall y rega rding problems related to th e ma nage ment of d ysb ari sm
and oxygen tox ic it y; particul arl y in view o f th e currently deve lo ping unde rwater industri a l a nd ag ricultura l interests producin g grea ter numbe rs o f expose d
individu als and radica lly different enviro nm ent al
co nditi ons co mplica tin g acute medi ca l ca re . Th e
fe as ibility o f returnin g individu als to th e surfa ce
is poor. This wo uld necess it ate prol onged peri ods o f
deco mpress io n a nd wo uld introduce se ri ous problems o f logistics.
A good dea l mo re emph as is sho uld be pl aced
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o n th e co ntinuin g stud y of oxyge n effec ts by anesth esia labo rator ies and th e poss ibl e int eraction o f th e
gas with o ther dru gs as related to li ve r and kidn ey
fun ctio n, e nzy me ac ti vity, membrane functi o n, and
e lec tron tra nsport. Th e in fo rm ati on obt ain ed will
have broad ramifica ti o ns in o ur total understand ing
of upt ake a nd di stributi o n, ra te, a nd excreti on of the
a nesth etic agent s curre ntl y utili zed , and ho pefully
will lead th e way to th e int roduction of less nox io us
a nd more eas il y co nt roll ed agent s and a m ore ca reful
a nd logica l ph ys iolog ica l approac h to pati ent manage ment.
Historical Review. Th e co nce pt of "oxygen tox ic ity" is a nyth ing but new, d atin g bac k to th e time of
Lavo isie r, and fo ll owed in 1849 by Smith's desc ripti on of a fa tal pulm onary " infl a mm atio n" after exposu re to o xyge n at 3-5 at m fo r approxim ately 24
hours.
In sofa r as th e impact on a nesth es ia is conce rn ed, in the last 15 yea rs, durin g which time th e
probl e ms bega n to affect th e ca re of p ati ents, the
prim a ry co nside rati on was th e pulm onary m anifestati ons of th e "d isease ." Pe rh aps, " iatroge nically
induced di sease" wo uld be a mo re approp riate ex press io n. This co nce nt rati on on th e pulm ona ry m ani festati o ns was natu ra l in a nonh yperbaric enviro nme nt , pa rtic ul a rl y since a nesthes iolog ists had bee n
mo re intim ately in volved with su ffici ent oxyge nati on
o f the pati e nt during surge ry, and the mainten anc e o f
a proper a irway.
Altho ugh equ a ll y co nc erned about acid-b ase
balanc e, carbo n di ox ide rete ntion , preventio n of atelectas is, and a reasonably reactive and ph ys io logica ll y int act pos toperati ve pati ent , it was not until
fo ur major a lterati ons occurred in patte rn s of p ati ent
ca re th at th e dyn ami c characteristics of oxyge n toxic it y and its relati o nship to this particular speci alt y
beca me more ob vious. Th ese cha nges were: ( I ) Th e
advent of o pen hea rt surge ry, usin g th e pump-oxy113
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genator, with the spec ial problems resulting therefrom , (hemolysis, air emboli sm, and marked ac idosis). (2) The use of hyperbaric faci liti es for th e
surgical and medica l trea tm ent of p ati en ts with surg ical , medical, infecti ous, and card iovascu lar diseases,
and their attendant acute threa t of oxygen toxicity;
th at is, central ner vous system oxyge n toxicity ( as
well as pulmonary toxicity) . ( 3) The progressive involvemen t in prolonged postoperative ve ntil atory care,
using continuously ass isted and / or controlled respiration by ventil ators equipped with onl y limited controls governing inspired oxyge n tensions; and th e
nonconcomit ant realization th at such care was inducing or producing toxic pulm onary and / o r othe r m anifestations, or a t least it was increas ing the risk of such
problems. ( 4) Th e current interest in " halot hane
hepatitis," enzy matic ac ti va tio n and in activati on, and
th e bas ic metaboli c conseq uences produced by anesth etic agen ts. Some of the biophysica l-electro-chemical-enzyma tic a nd substrate actions may indeed be
simil ar, as will be di sc ussed furth er. Th e fa scinating.
multifacet ed , and increas ingly com plex int erwoven
nature of th e spectrum o f oxyge n tox icity is now on ly
bare ly apprec iated. It see ms obvious, and reasonabl e,
th at th e answers li e in the most b as ic bi ochemical
processes. The comments in thi s pape r wi ll be oriented prim arily toward th e clinical as pects of oxyge n
tox icity as it rela tes to the practice of anesth esia.
To contin ue historica ll y, in 1927 th e observati on was made th at cold-blooded anim als were much
less susceptible to th e toxic effect s of oxyge n unl ess
th ey were wa rm ed to 37 .5 °C. At th at temperature .
eve n turtl es deve loped fulmin ating pulmon a ry man ife station s after exposure.
It is known th a t in creased oxyge n ten sio n produces ch anges in the transmembrane pote nti al of
frog skin , as contras ted to fr og sc iatic ne rve, a nd
th at th ese changes are irreversibl e ( G ott li eb and
C ymerma n, 1970). Th ese in vestigators postu late
th at th e membran e changes are produced by adva nced ox id ation of th e SH groups; th at membra ne
lipids and lipid compl exes may have bee n alt ered;
a nd th at ATP sy nth es is was in activated. In a monument all y inform ative experi ment ca rri ed out by
Ch apin and Hohl , one lun g of a dog was infl ated
with l 00 % oxyge n for seve n days. Th e o th er lun g
was infl ated wit h air. Onl y th e lung infl ated wit h
oxyge n showed th e cha racte ri stic pulmon ary changes
of oxyge n toxicity which shall be desc ribed in mo re
detail below.
Dr. Phillip C. Pratt , a path ologist, now at Duke
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University and previously associa ted with th e Ohio
Tuberculosi s H ospit al in Columbus, was one of the
first clinicians to fully appreci ate the ea rly onset and
progress ive course of pulmonary changes in patients
exposed to rel ati ve ly " innocuou s" a mounts of oxygen
for a period of time. In 1958, he pointed out the similarity of mo rph ologica l findings in a seri es of p ati ents,
so me of whom h ad rece ived oxygen , fo r as little as
two and one-h alf d ays, administered via nasal ca theter-n ot ventil ators. H e demo nstrated capillary congest ion and proliferation, follow ed by th e appeara nce
of diffuse fibro sis after a peri od of about two weeks.
Other changes previously noted in ex perimentally
induced pulmonary ma nifes tati ons were hype remia,
hemorrhage, ede ma, atelec tas is, and " inflammation."
Th ese changes had to be differentiated from atelectasis, intrapulmon a ry hemorrh age, infection , and
postmortem alt erati ons due to absorpti on of gas. A
bri ef experim ent follo wed wherein mice were exposed to I 00 % oxyge n for 4 8 hours at approximately
740 mm H g, controlling humidity a nd temperat ure.
Some of th ese mice were sacrificed, th en autopsied
imm edi ately whil e still in oxyge n ; others were autopsied aft er 3 hours in oxygen. Th ere was a significa nt diffe rence in th e a pp eara nce of the lungs at
postm ortem. Air co nt rol groups were also used. The
lungs of th e mice ex posed to oxygen , killed in oxyge n, and delaye d 3 ho urs before postmortem were
hemorrhagic and li ver-l ik e in consistency and did
not flo at, thu s simul ating the charact eristic , classical
changes of adva nced oxyge n tox ici ty, usually tho ught
to occu r after more prolonged ex posure s. Pratt prese nted the above in fo rm ati on at th e hyperbaric conference in New York in 1964. and it is particul arly
noteworth y th at he m ade th e fo llowin g ve ry pertinent
comment: "Since thi s occurs in hospit alized pati ents
rece ivin g oxygen by standard methods such as oxyge n tent s and nasa l cat heters, it is appa rent th at the
pulmon a ry response ca n res ult from ex posure to
atm os pheres con ta ining we ll below I 00 % oxygen
a nd probabl y in th e ra nge of onl y 50 % oxyge n. "
Pratt we nt o n to di scuss th e releva nt points in making th e morphologic al differe nti ation between capillary proliferati o n and the ope ning of prev iously " unrecognized" capi ll aries . (Author's note: " Unu sed"
ca pill aries. Hi gh-oxyge n tensions seem to decrease
the size and number of capillaries utilized, at least in
myoca rdi al pe rfu sion a nd in th e b ra in , as will be
di scussed late r). Pratt felt th at vasodi latio n leading
to cap ill ary proliferati on was th e probable cha in
of eve nt s; th at continu ous exposure for 24 hou rs at a
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time was necessary; and that intermittent ex posures
were not cumul ative in nature.
In 1964, H ep pl eston and Simnett found that
tissue cultures of pulm ona ry alveola r epith elium we re
especially se nsiti ve to oxyge n und e r o ne at mosphere
and equ ated this ex posure to air at 5 at mos ph e res.
They surmi sed oxygen ac ts through e nzy me inhibiti on and preferentially affec ts enzy mes possess ing SH
groups (NS: the state ment made previ ously rega rding the transmembra ne potentials in frog sk ins ) .
Pontoppidan a nd o th ers have de monstrated similar ch anges, including th e postm orte m app eara nce of
hyaline membranes, in patients fo ll owin g ve ntil ati on
with hi gh-oxyge n concentrations. A great de al of
emphasis in th e last three or fo ur yea rs has been
pl aced on this poss ibl e ca usa l fac to r of patient mo rbidity and mort al it y. In 1970, this hypoth es is was accentuated by H amilton and Singe r in a stud y of postoperative cardiac surge ry patients . It was their
conclusion th at fear of " tox ici ty" sho uld no t preclud e
th e administrat io n of oxyge n in th ose pat ient s who
needed it. A ge neral opini o n still see ms to preva il at
this tim e that cyanotic hea rt di sease. and other cond itions leading to ve ntil ation-perfu sion in equ aliti es,
shunting. venous admi xtures. a nd subseque nt lowoxygen tensio ns (and/ or hem oglobin sat ura ti on).
have a protective effec t for th e patie nt. a nd that hi ghinspired oxyge n te nsions can be used with consi d e rably less co nce rn. This conclu sio n is not necessar il y
valid. as shown by a case re port fro m th e M assachusetts Ge nera l H osp it al (New Engla nd Journ al.
May 1970), where it was di sclosed that a patient
died fro m pulm o nary insuffic ien cy with de monstrated
fibro sis fo ll ow in g prolo nged artifici al ventilation. Furth ermo re, a very import a nt study by Hills indicates
th at th e creat io n of an a rtifi c ial shunt producin g
cyanosis does not necessa ril y pro tec t a n a nim a l from
pulm o nary injury seco nda ry to high-oxygen te nsio n.
It appe ars th at certain conditions ca n dep ri ve
th e indi vid ual of protective mechani sms. Artifici ally
altered physiology can produce changes in th e reacti on of molecul ar oxygen with SH groups a nd o ther
enzyme substrates. This effect in turn upse ts elec tron
transfer balance a nd results in additio nal effects in
certain types of cells a nd subsequ entl y in ce rt a in
organ systems o r " target a re as ." These effec ts occ ur
following the ad mini strati o n of such compounds as
dipyrid ylium di chlorid e (Clements, Fisher, and Ke nneth , 1970); o r resu lt fro m the interactio n of oth er
compounds prod uc ing changes in certain trace meta ls
and in orga nic ph osphorous. Mn " and Zn " may have
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some effect in preventing the occ urence of lung
edema. Mg" see ms to have a protec tive effect aga inst
se izures resultin g from hi gh-ox ygen press ures OHP
( R ado msk i a nd Wood, 1970) . M anga nese may act
by inhibition of mitoch o nd ri al swellin g and lipid perox id e fo rm atio n in th e mitochondria ; that is, an antiox id ant effect. H oweve r, simil ar re actions may also
occur producing a n opposite effec t ; th at is, se nsitiza ti o n o f ce lls ( see below).
Th e cumul at ive end res ult s as fa r as the lun g
is co ncern ed a re: the ch anges in epitheli al ce ll populati o n; th e accumulation of both int erstiti al and alveolar flu id; and / or protein aceous materi al; the deposition of hya lin e membrane materi al; and changes in
"s urfact ant" and its properti es. Diffusion is altered,
a n "alveo lar-ca pill ary bloc k" situ at io n develops,
shun tin g occ urs. and th e pati ent then has a need fo r
hi ghe r-in spired oxyge n tensio ns to achi eve any sa ti sfac to ry sa tur ati on, whil e the "cure" is worsening the
disease process!
Th e warning seems fa irl y ob vio us : A minimum
oxygen concentrati on ( inspired oxygen tensio n )
shou ld be used to p rodu ce a n arteri al tension of app rox im ately 100 mm Hg and / or a no rm al hemoglob in sat urati o n dependi ng upon th e individual.
Individu al va ri ati ons are ve ry important and
sho uld be taken into co nsid erat io n. Th ese factors
include: age, sex. tempera ture. acid-base balance.
type and amo unt of he moglob in . MHCH . diet , vit amin leve ls. and the ad mini str ati o n of oth er drugs.
As pirin a nd asco rbic ac id see m to augment toxicity
(Serrill. et al. , 197 1). Tocopherol defic ie nt anim als
appea r less se nsiti ve to lipid peroxidation in th e
lung until ascorbic ac id and ferrous ions a re add ed
( R ask in, et al., 1971 ). Ot her fac tors such as
smokin g a nd res ult a nt ca rbon mo noxide le vels
( R odk ey, et al., 197 1) affect the response of
th e lun g. Simple imm ersion to th e head greatly intensi fi es th e pu lm o na ry react io n, primarily by pro moting
the formation of ate lectasis (B alldin , et al ., 1971 ).
Stress and its effects, especiall y increased adrenal
output , all adve rsely affec t the individual, as does
in creased thyroxin .
Conversely. thyroid blockers see m to have a
protective effect , as does the admini strat io n of sulfhydryl grou p dono rs. Others compounds such as
ANTU (a lph a naphth ylthi ourea) m ay ac t by both
actions; th at is, by a ffectin g thy roid hormo ne rele ase,
and by providing cellular sulfhydryl enzy mes and
cofactors in active red uced stat es ( Mount a in , 1963) .
If one can logically accept th e a rgu ment that th ere
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are individuals who are hypersu sceptible to certain
noxic or toxic stimuli or compounds, such as those
individu als whose susceptible targe t areas are the
red blood cells, which subsequentl y und ergo hemolysis by the interaction with other drugs, then it is just
as likely th at certain individuals are " pn eumonic all y
sensitive." These individuals may rea ct adversely to
similar circumstances with th e lun g as the "targe t
organ. "
Opposite circumstances may a pply. Certain individu als are hypose nsi tive. Th ey may react with
increased resistance, or decreased susceptibility, to
th e ac tion of what are usually considered to be
" toxic" concentrations of oxygen. This concept wou ld
certainly account for variations from th e " usual response," suc h as the one reported by Kydd : Mice
exposed to 550 mm Hg oxygen for 30 days showed
only a few of the classical pulmonary changes, but
did develop changes in the blood vessels.
Some indi vidu als are susceptible to the occ urrence of atel ectasis presum abl y du e to absorption of
gas (oxygen) , plus other fac tors yet to be determined (Burger, 1967) .
A good deal of work has bee n devoted to th e
effect of oxygen on succi nic dehydrogen ase activity
in the lung. Until recently it was thought th at this
was the most important enzy me system affec ted .
Howe ve r, Barde ll and Fowler concluded th at oth er
dehydrogena ses in lung ti ssue see m to be more adversely affected . At any ra te, ret urn of activity is
slow compared to exposure tim es; that is, 6 hours
of exposure to oxygen produced inhibitio n of the
enzy mes which returned to normal only aft er 12 to
48 hours. Int erestin gly enough in one study pentobarbital see med to have a protect ive effect. This
conclusion is in contrad istinction to th e usual nonprotective effec ts of anest hetics agai nst damage to
the CNS (see below): Residu al effect s may occur
even th ough convulsions are masked .
Viral and bacteri al di seases may grossly alt er
th e individual's se nsitivity to toxic agents such as
oxygen , and may produce changes in " ta rget are as ."
(Mountain, 1963 ). Smoking has a ma rk ed additive
effect for atelec tasis to occ ur following oxygen
ex posure. One stud y indicates th at smoke rs had
an in-Hi ght vital capac ity loss three times th at of
nonsmo kers ( Browning, 1970). Adrenalectomy,
chlorpromazine, and sy mp athetic-blocking agents
may have a protective effect, as does hypothermia
(Burrows and Edwards, 1970).
There seems to be a cross-tolerance betwee n
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some compounds which are considered to be toxic
them selves, such as Ozone and N02 (Mountain,
1963). O zone is quite toxic and produces striking
epitheli al changes includ ing hyperchrom atism , hyperplasia, and infl a mm atory changes. Central nervous
system effec ts also result. Some changes may occur
after only a few ho urs of exposure (Suskind, et al. ,

1970).
A number of interes ting concepts have developed in regard to the pulmonary changes and the
manifesta ti ons related to oxygen toxicity. A gre at
deal of weight ha s bee n given to changes in "surfactant." Earlier, in 1962 , th e e mph asis was on surfactant changes, modificati on, depletion , and interference with its formation. However, with increasing
knowledge in th e field , and increasing reli ab ility of
investi gative techniqu es, it is beginning to app ear th at
surfacta nt (changes) may ve ry well be anoth er
" ta rget," or, if not a "target," a "system," directly
and indirec tl y involved ; resulting from more basic
biochemical alteratio ns such as those mention ed
above.
"N itroge n os mosis" is a term referring to an
effect produced by the " in ert gas" nitroge n, wherein
it can pull water away from other solutio ns of in ert
gases through certain types of membranes. This is
now a popular concept in hype rb aric gas physiology.
Such biophysical al teration may very well have some
bearing on the mec hani sm of oxyge n toxicity, and
the narcotic action o f certain " inert anesthetic gases"
( neon, argon, etc.). During increased-inspired oxygen tension ( thu s increased arterial oxygen tensions
[pO, J) a gradi ent develops between the arterial
tension of p0 2 an d ti ssues. This has been call ed
a "steady-state grad ient. '' If cert ain physical circumstances are prevailing, the movement of water
mol ecules may occur ( Hills, 1971). Niinikoski and
coworkers a re under th e impression that th e primary effect of oxygen is on the capillary endothelium,
producing an increased capillary permeability and
a secondary "washout" caus ing a dep letion of surfactant a nd other phospho lipids not heretofore consid ered to be part of normal "surfactants." The
mere presence or increase of lipids in such a "washout" does not th erefore co nnote adequ ate surfactant
activity. It may indicate on ly a "washout," and a depleti o n of a lveol ar surface tension reducing materi als.
Furthermore, one need not find peroxides of lipids,
ye t detrimental effects of hi gh oxygen may have
alte red the structural lipids of cells by peroxidation
and ox id atio n a nd produced su bsequent ch anges in
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cellular membranes. Th ese in turn m ay lea d to th e
release o f proteolytic enzy mes and eve n co nnec ti ve
tissue elements m ay be released into th e alveoli.
So fin ally h aving re ac hed a discussion of "su rfactant" after all o f the above, it is with th e re ali za ti o n
that every as pec t of "oxyge n tox icity" is tied up with
the mech anisms a nd bioc hemica l utili zat ion o f th e
transport of oxyge n.
Let us quickly consider th e va rio us aspects of
alveola r-capillary diffusion pertinent to this discussion ( Rankin , 1969). Diffusio n can be defined as
the movement of molecules of gas from an area of
high concentration to an a rea of lower co ncentrati o n.
As mentioned above, th ere is direct bearing in rel ationship to art eri al gas tens ions. The move ments of
gases across th e alveolar-capilla ry memb rane is determined by : ( I ) the mea n differe nce in partial pressures of gas o n either side of the membra ne; (2) the
surface are a of th e membrane ; a nd ( 3) the permeabilit y of th e gas th rough the me mb ra ne. The third is
inversely related to th e thickn ess o f th e mem bra ne.
It should be noted at th e o utse t that the tota l distance
for perfu sion through the norm a l a lveolar-capillary
membrane a nd th e surface lining layer, etc ., is of very
small magnitude in the no rmal lung; that is, in the
order much less th a n one micron. Th e pulm ona ry
diffu si ng capacity of any gas is determined by
the ratio of th e qu antity of gas transfe rred per unit
time over th e me a n differences in parti a l pressure.
and is directl y proporti o na l to the solubilit y of the
gas and inversely propo rtio nal to th e squ are root of
the molecul ar weight (density) of th e gas. It is not
easy to calculate either th e a lveolar oxyge n tension
or the pulmo nary capillary tensio ns. Ox ygen tension
differences between the alveolar gas and arte ri a l, endcapillary blood are due to inco mpl ete eq uilibratio n
between th e gas a nd a rterial , end-ca pill ar ies, and
due to the effect of venous admixtures from a reas of
poor ventilation to perfu sio n rat ios. It sho uld be remembered th at pulmonary diffu sing capacity mu st
be reduced by ¥3 befo re norm al arteria l oxyge n
satu ra tion will be affected. This fac t should be kept
in mind in considering the so called " latent periods"
involved in oxygen toxicity in rega rd to the lung
as well as other organs. Diffusi ng capac ity varies
with whole body size, metabolic rate , age , levels of
lung inflation , alveolar ventilation, intrathoracic pressure, body position, and distribution of inspired gas.
The H amman-Rich syndrome is a cl ass ical exa mple
of the unfortunate patient who requires incre as ing
amounts of oxygen to hi s own detrim ent. Th ere ap-
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pea rs to be exce ll ent correlation betwee n problems in
diffusing ca paci ty and pulmo nary membrane dam age
(etc.). D o the inc reases in areas of poor
which
account for much o f th e loss o r decrease in diffu sing
capacity result from changes in surfactant alone with
in creased sur face tensio n, o r does there occur an increase in pulmonary vascular resistance seco nda ry
to the capillary pro liferat ion and "granul ation tissue"
for ma ti o n not ed by Pra tt as o ne of the toxic effect s
of oxyge n ( not the cl assica l effec ts of hypoxia)?
Capillary congestion , an ea rlier m anifestation, may
mas k problems of diffu sion since it will tend to balance th e m out.
Wh at th en is "s urfac tant ," and how does it a pply
to the concept of oxyge n tox icity as we know it in
the lung? Many workers h ave be en invo lved in the
fi eld for a number of years: these includ e Pattie,
Clements and Fisher, Mo rga n, Sutnick, Said, Scarpelli , T ooley, a nd others mentioned above. A brief
summ a ry of th eir obse rvati o ns and conclusions as it
applies to the top ic under di scussion is now in order.
Surfactant. It wou ld be mo re appropriate to u se
th e termin o logy "surfacta nt syste ms," "surfacta nts,"
or "alveo lar lining materi als." Unfortunately, until
rece ntly at least, the app roach has bee n most ly an
a natomic a l one, utilizing electron microscopy. The
elec tron microsco pe has enabled in vestigators to find
va ri ous structures not heretofore know n and h as led
to certain hypoth eses abo ut the o ri gin, function , a nd
elimin ati on of th ese lining materials. At th e outset,
it is very import ant to reali ze th at th e lung is not a
passive organ respondin g to fillin g a nd emptyin g, but
is a very active o ne in th e body. With a surface area
of a pproxim ate ly 70 meters squ are, and an estim ated 300,000,000 alveoli , this fact is quite significant ( Scarpelli, 1970).
In 1929 , Yo n Nee rgaard no ticed th e differences
betwee n fluid-fill ed and a ir-filled lun gs in the forces
needed to ventilate, and pressure-volume relationships. Pa ttie , in 1955 , noted the characteristics of
pulmon ary edema foam were such as to indic ate
lowered surface tension. This was followed by the
work of Clements a nd others which showed th at a
surface-tension-l owering substance was present in
lun g tissue. Since th en , biochemical analysis has indicated that th e materi al is made up of a complex
mixture of lipids, protein , a nd carbohydrat es, chief
among which is dipalmitoyl phosphatid yl choline
(DPL) (palmitic acid) . DPL makes up abo ut 50 %
of the lipid fr ac tion of th e laye r. This named lipid
h as been used inte rch angea bly with " lecithin ." It is
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impo rt ant to note th at th e surface-tension-lowe rin g
p ro perti es depend upon th e prese nce of two .rn1ura1ed fatty acid res idues. Inclu ded in th e comp lex are
albumin and ca rbohydrates (po lysacc harid es). In th e
lung. or alveo li as the case may be. a surface inte rface exists between a ir and a li q uid o r hypophase.
lining th e alveo li . The surface tensio n a long the
alveolar linin g re sult s prim aril y from molecul a r
cohes ive forces whi ch produce a tend ency towa rd
collapse. Thi s force is related to La Pl ace's th eo rem
which in turn relates surface tension (T) in versely
to th e radii of spheres a nd proportionately to
the pressure of gas within th e sp heres or, as in
this case. th e alveoli . ( P = 2T / R ). Th e result is
a tendency fo r liquid to form increas ingly small er
spheres, leadin g to an ever-in creas in g tendency for
coll apse . This fo rc e is counterac ted by the effects o f
the "surfac tant groups." so that a new end-surface/e nsion , in ac tu alit y a surface press ure. result s. Thi s
sur face pressure force opposes th e fo rces o f plasm a
and oth er ti ss ue fluid s which have a surface tensio n of
about 50 dynes per cm. Consid erabl e elas ti c recoil
results for th e lun gs. Fo rtun ately, th e te ndency of th e
large r alveoli to beco me larger and large r as th e
small er alveo li empt y into th em (fo ll owi ng th e above
ph ysical laws) is offset. Th eore ti ca ll y, at least, th ere
is so me uni fo rmit y to a lveo lar co nfi guration and size,
alth ough th ere is now some doubt as to whether o r
not alveo li ac tu all y ex ist as tru e spheres. Max imum
intra-alveo lar pressures probably ex ist at th e prec ise
mome nt when th e developin g hemi sph ere at th e end
of th e respirato ry bro nchiole has a dia meter equ al to
th at of th e termin al res pira tory bronchiole. Following thi s point, some in stability and dec rease in pressure occ urs, with limits o f expa nsio n se t by the elasti c
ti ssue of the lun g. a nd so fo rth .
Surfac ta nt s are consid ered to be bipo la r in nature a nd to ass um e th is confi gur ati o n anato mi ca ll y in
th e hypo ph ase bo und ary area. The cholin e, or h vdrophi/ic, gro up is ass um ed to assoc iate with th e p~ote in
area of th e hypoph ase: and th e two hyd roph obi c
fa tty acid sid e cha ins beco me ori ented toward th e
alveola r a ir side. fo rmin g a co mpress ibl e film or
surface-tension-lower ing film . Increase d compressio n, such as would res ult fr om coll apse of a lveoli ,
actu all y produces a dec rease in surface tension. Th e
result is an equi li bration o f tensions betwee n th e
la rge r and small er a lveoli . Th e cholin e gro up, stated
to be assoc iated with protein , cont ains an io ni zed
qu arternary ammo nium group whi ch is sta bili zed by
the prese nce o f both calcium and sodium io ns.
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T o summ a ri ze bri efl y : Th e activity and structure of surfact ants is affected by a number of factors,
includin g : (I) heat , which will reversibl y in activate
it; (2) cha nges in pH ; (3) th e presence of blood ;
( 4 ) elect ro lyte concentrati ons.
It is ge nerall y th ought th at surfac tant s are produced by " type II " alveolar ce ll s and are secreted
int o the alveoli where they become inco rpo rated into
th e linin g laye r. These are presumed by so me to be
found as cytopl as mic inclusion bodi es, or os miophilic
lamell ar inclusions. Th e inclusions are found in much
lower numbers in th ose spec ies (non-mamm ali an )
lacking o r havin g dec rease d surfa ctant levels. T wo
ma in th eori es ex ist: (I ) th at the giant alveo lar cell s
form and sec rete th ese o rga nell es o r inclusion bodi es ;
or ( 2) th at th e o pposite is tru e, th e giant cells are
res ponsib le for th e ph agocytos is and breakd own of
th e surfac tant s, producti o n bei ng elsewh ere-the
no ncili ated bronchi olar cell for exampl e.
Nonethe less. sy nth es is turnover is rapid , C 14
la beled ph os ph olipids a ppea r in pulmon ary phosph olipids within 5 minut es aft er intravenous injection , and a half-li fe of 14 ho urs is estim ated fo r the
surface acti ve lec ithins. It is poss ibl e th at th e entire
lipid synthesis of lecithin occ urs within th e lung itself.
Th e mec ha ni sms of lec ithin sy nth es is can take se veral paths, as has bee n nicely described by Morga n.
Of impo rt , in rega rd to th e poss ibl e effect of oxygen
on th e syste m, is th e ra pidit y o f metabolism. equ ating
the lung to th e li ve r in so me respects. This could
produce a res ult so th at any occ urrence. ph ys ica l or
chem ica l. interferin g with m eta boli c generatio n of
e ith er th e lipids a nd / or ca rbohydr ate a nd protein
mo ieti es mi ght throw a natural " monk ey wrench"
int o th e system , thu s accountin g for the so-called
" /a1 en1 period" sa id to ex ist in the development of
oxyge n tox icity. Th e term " latent peri od" has very
littl e co mpa tibility with basic tox icologic al hypotheses. The prese nce of pac kets of surfacta nt mi ght
slow dow n th e depleti on rates and subsequ ent alterati ons in ac tivit y until such lac k o f activity produc ed
a fair ly ra pid o nse t of sy mpto ms and signs. Th ere
is no do ubt th at th e situ atio n is complex. Eve n the
simpl e concept of a single laye r of surfacta nt is
und er sc rutin y a nd rev isio n at thi s time.
Thus indirectly, oxyge n m ay affect orga n systems such as th e lung thro ugh direct acti on at
a ve ry basic metabo lic leve l. Surfactant changes
are rela ted to oth er clini ca l co nditi ons such as the
Resp iratory Distress Syndrome of the newborn ,
changes fo ll owing pulmo na ry a rterial occlusion with
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decrease in surfactant ac tivit y ; and an excess of surfac tant has bee n postul ated in the di sease of pulmo na ry alveolar proteinosis. One mu st bea r in mind
th at multi-cau sal fact o rs o perate in th ese di seases,
and th at the in a ppropri ate admin is trati o n of " hi gher
th an needed" conc entrati o ns of oxyge n ( a somewh at
ambiguous phrase ) may co ntribute to th e problems
developing in vari ous o rga ns through th e mechani sms
discussed above.
Toxic Effects on Other Systems. Although the
primary toxic effects of oxyge n at less th an o ne atmosphere (7 60 mm H g) see m to be prim arily manifested by changes in the lungs, or at least a ppear
to be so orient ated fro m th e standpoint of anesthesiology, it is rath er illogical to ass um e th at all
systems and o rga ns in the body are not involved.
The a ppearance of signs and symptoms is related
to a time-dose fac tor, th at is, related to exposure
and/ o r circulatio n.
T wo fund amental fa cto rs pert ain rega rding
oxyge n toxicit y: (I) The meta bolic consequences
occur at th e most basic levels of cellular and mitochondrial or membra ne ac ti vit y, and , co nsequentl y,
must involve all areas of physiology and biochemi stry
within the bod y. (2) The "l atency" of reactio n
should more a ppropri ately be called th e " tim e" of
reaction. These co nsideratio ns are certainl y mo re in
keeping with the basic tox icological principles of
time-dose respo nse. The intensity, durati o n, susceptibility of the subj ect, type of exposure, temperature,
th yroid acti vity, presence o r abse nce of oth er dru gs,
elements, and trace metals, the condition of th e
acid-base statu s, carbon dioxide elimination , 2-3
DPG levels, hemoglo bin levels and types. sex, interaction and state of the adrenal-pituitary system
and th e sympathetic nervo us system, perfusion, and
other fac tors all determin e which orga n system will
be affected and at what time.
Central Nervous System Toxicity. The toxic
effect of oxyge n at higher th an ambi ent ( 760mm)
pressures on th e CNS o rdin aril y does not co ncern
anesthesiologists unl ess they are operatin g und er
specific conditi ons of OHP in speci al chambers.
However, the entrance of industry , agriculture, and
oth er intere sts into underwater livin g and working
conditio ns will produce a much larger po pul ati o n
of indi viduals exposed to dysbarism and oxyge n
toxicity. It is logical to assum e th at medical personnel specially trained in ca rdio-pulmonary resuscitati o n, and so forth , will be called upon to
ass ist in the di agnosi s and therapy of such in-
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dividu als. Furthermo re, considerin g the basic nature
of th e processes of oxyge n toxicity, one must have
so me reservation s about the possible adverse effects
of oxyge n on th e CNS at 760 mm or less, oth er th an
th e well-known vasoco nstri ctive effects upon cerebral
vasculature, and th e tend ency fo r hyperventilation
which is commo nly seen.
Class icall y, th e CNS ex pression a ppea rs as a
convul sio n, usually beginning with more foc al signs
such as twitching about th e mouth and eyes, and
perha ps the small muscles of the hand . It is import ant to remember th at mentati on may be quite
clea r until th e abrupt onset of the convulsio n, which
proceeds throu gh usual tonic-clo ni c stages. Attempts
at decompression during periods of glottic spasm
may result in rupture of the lun gs . Unlike the usual
seizure, blood arteri al oxyge n tends to remain at
norm al or higher than usual levels if th e patient is
under OHP ( ox yge n-high pressure ) . Central nervous
system toxic reactions are intimately involved with
pC02 levels and acid-base balance, including lacta te/ pyruvate levels and ratio s. F ac tors oth er th an
metaboli c o nes also pert ain, such as circadian
rhythm s, which may alter the susce ptibility to convul sions ( H of, et al., 197 1) . At th ree atmospheres
( OHP) , anim als treated with acetylsalicylic acid
and/ or asco rbic ac id, and tocopherol defici ent animals, began seizures ea rli er and di ed sooner than
oth ers (Serrill , et al., 197 1) . The protecti ve effect
of magnesium has already bee n mentioned.
An esth etic agents may mask th e convulsions of
ox ygen toxicity, but do not appear to preve nt the
C NS damage produced by it which commonly results in spastic paralysis, and so forth . In fac t, a
recent and di sturbing stud y by L assiter has indicated th at in th e prese nce of only 5 psi, exposure
to oxygen for two weeks (233 mm H g) greatly reduced levels of acetylated and un acetyl ated coenzyme A in the bra ins of the anim als. This occurred
in th e absence of overt signs of CNS toxicity. Apparentl y, nitroge n seems to have a " masking" o r
" qu enching" effect, casting further doubt about its
pres umed " inertness." Coe nzyme in activ ati on is postul ated to result fr om : (a ) direct oxid ati o n of th e
sulhydryl groups; (b) fro m a block in sy nthes is,
produced by oxygen itself th rough fo rmation of
oxygen-m etal ion complexes; and ( c) by the form ati o n of free radicals elsewhere. These changes
produce interference with th e tran sfer of two-carbon
unit s, with a subsequ ent block of glycolysis, and malfunctionin g of th e tricarboxylic acid cycle.
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A rece nt pa per by Kuperm an has shown that
the admini stration o f oxyge n fo ll ow in g bil ateral
cordotomy ma y produce slee p-ind uced ap nea, or
" Ondin e's curse," possibly throu gh effects on the
aortic-carotid reflex mech ani sms. It can be see n fro m
th e above that th e effec t of oxyge n o n th e CNS is
quite co mpl ex and o nl y now beco min g mo re fully
ap prec iated.
Effect of Oxygen on Red Blood Cells. A s previously mention ed, o ne of th e keys to understanding
oxyge n tox icit y is a clear comprehensio n of the very
complex and. up to now, not entire ly clear mec ha ni sms of oxygen transport a nd it s relat io nship to
membran e function.
If one acknowl edges th e fac t that hypox ia per
se is a ma rk ed st imul ant to erythropoe isis. o ne wo uld
ass ume de press ion of bone marrow function upo n
exposure to hi gh co ncent ratio ns of oxyge n. Thi s is
not necessarily th e case, and th e effec t of hi ghoxyge n tensio ns o n DPG leve ls is not en tirely clea r.
There are co mbin ed effects o f increased pC0 2
levels, difficulties in " un sa turatin g" oxyhemoglo bin ,
and resultant dec rease d pH levels (Astrup . 1970 ).
Further influ ences of the pituitary and th yroid mu st
be conside red (Rodriquez and Sh ahidi . 1971) .
Ascorbic ac id and ASA m ay se nsitize th e red
blood cells to lys is (Serrill , et al. , 197 1) . Vitamin E
defi cient anim als are markedly se nsitive to th e rapid
dest ructi on of rbcs , wh ich in part is caused by the
ac tu al peroxidation of lipids in th e rbc membrane.
Th ere appea rs to be a selective effect o n old er rbcs
(Sabin e a nd Leon. 1971) . In cert a in susceptibl e
a nim als, such lytic act ivity may occ ur at less than
o ne a tmo sph ere, manifestin g itse lf by imm ediat e
effects o n old ce ll s. and delayed effec ts on th e
yo un ge r cells which de monstrate d ecreased mea n
potenti al life spans. A diet of alph a tocopherol , an
antagon ist to lipid perox id ati o n will aboli sh o r prevent thi s lyti c activity. Severa l a reas a re involved ,
includin g an erobic glycol ys is, hexo kinase ac ti vit y,
glucose 6-ph osphat e dehydroge nase activity , acety lcholin esterasc ac ti vi ty, a nd spec ific grav it y. It appea rs to be a me mbra ne ph enom eno n. T o co nfu se
th e iss ue eve n more, one stud y of angin a pcc to ri s
and oxyge n tra nspo rt has indicated th at it s occ urrenc e may actually decrease oxygen aflinity o f th e
hemoglo bin without changes in DPG levels, poss ibl y
second ary to " hum era l factors " (Shappell , et al.,
1970) . On e thin g is certa in , th e va rio us metabo lic
activiti es invo lved in oxyge n tra nsport a nd membra ne function are no t a lways predictable no r finite ,
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and changes which occur unde r one se t of circumstances may va ry considerably under a slightly different set of para meters, addin g to the complex ity
of response and int eracti on.

Toxic Effects of Oxygen on Liver and Kidney.
With the current interest in " hal oth ane hep atiti s,"
and th e renal effec ts of Penthra ne:!D, more emphasis
sho uld be give n to th e possibl e tox ic effects of other
dru gs and age nts, a nd th eir poss ibl e interacti on. The
multiplicity of fact o rs operating have bee n di scussed
a bove. In 1965 , F eli g rev iewed th e literature ava ilabl e on oxygen tox icity at th at time and , supported
by experiments in Wri ght Patt erso n Aerom edic al
R esea rch L aborator ies, came to th e co nclu sio n that
ev id ence indic ated the fo ll ow in g : Expos ures to only
258 mm H g o f oxyge n fo r one week produced subcellul ar hepatic and rena l alteratio ns, visible on
elec tron mi croscopy, in th e absence o f pulm onary
hi sto path ology . These changes includ ed mitochondri a l enl arge ment , clumping, and dege nerat io n of
membran es. Sodium lactate seemed to have a protective effect; lactate metabolism occurs through
oxida tion and th e transfer of electrons to DPN.
Oxygen at ten sions higher th an one atmosphere
increases lipid biosynthesis (Adams and Norton ,
1971). On th e oth er hand , oxygen may indirectl y
a ffect protein sy nthes is by a ltering di eta ry habits
( L eo n. et al. , 197 1). This could be considered a
subtle for m of oxygen toxicity.
In sofar as th e kidn ey is conc ern ed . important
findin gs releva nt to kidn ey structure and function
were report ed by H ess a nd M enzel in 1971 . In
anim als subj ec ted to di etary de pl eti on. particularl y
Vit amin A , a 35-day exposure to I 00 % oxyge n
produced ch anges in the proximal convoluted tubules, leading to an increase in lipid levels. The se
c ha nges were pres umed secondary to decreased
fatty acid metaboli sm.
Conclusion. The adverse effect of overexposure
to oxyge n, th at is, "oxyge n toxi city," involves virtuall y every o rgan system in th e body, includin g the
lun g. eye, kidn ey, liver. and erythropoe tic system s.
Th e effect follows c lass ic toxicol ogic al principles, for
th e most part relating to tim e a nd dose of ex posure,
which in turn alt e red by th e relati ve proximity of
a ny particul ar organ to hi gh-oxyge n tensio ns. Obviously, the lung has th e greates t ex posure directl y.
The effect o n ot her orga n syste ms is primarily determined by th e circulation a nd oxygen carrying and
transport systems ( Skinner. 1972; Siekevitz. 1970).
Most o f th e e mphasis in this paper has been
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upon the basic effects of high-oxyge n tensions on
enzymatic membrane and substrate systems. since
it appears that altered biochemistry at these levels
determines the ultimate manifestations of the toxic
response. be it pulmonary, hepatic. ophthalmologic.
and so forth.
More definitive criteria for controlling inspired
and transported oxygen are needed. Even the presence of cyanotic heart disease with shunting and
desaturation , or primary pulmonary failure per se,
do not necessarily protect the individual against th e
deleterious effects of over-oxygenation . Thus a
paradoxical situation develops wherein the administration of oxygen as a lifesaving mea su re eventually
may produce fatal consequences.
Anesthesia personnel will become increasingly
involved in situations related to such exposures to
oxygen at high pressure (OHP) such as will be
found in the new fields of industry a nd agriculture
now being developed underwater, sometimes at great
depths. It is the responsibility of the specialty to
continue basic a nd clinical research in these areas
and to expand clinical teaching to encompass the
management of related problems.
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